Reducing the cost of construction is a primary concern for owners, designers, and builders of facilities. Today, project teams often perform constructability reviews during the design phase to identify design constraints that limit a constructor's ability to perform construction operations effectively and increase construction cost. However, the current manual process is timeconsuming and prone to error and does not identify the cost implications of constructability problems. Consequently, many constructability problems either go undetected or unnoticed, resulting in inefficiencies in the project delivery process and increased construction cost. This paper describes a vision for on-line computer tools that provide cost-specific constructability feedback to help project teams develop more cost-effective and constructable designs. Through a case example, we outline new functionality and the corresponding formalisms and mechanisms needed to model the cost implications of different constructability problems and identify the specific design conditions that impact constructability and increase construction cost. These contributions will allow project teams to leverage IFC-based product models and enable the necessary functionality to identify constructability problems and their impact on construction costs early in the project delivery process.
Introduction
Improving the constructability of a facility design has become a key concern for owners, designers, and builders of facilities as decreased construction costs and improved construction operations benefit all members of a project team. Recognizing constructability issues early in the project delivery process can help to identify design constraints that limit a constructor's ability to plan and perform construction operations effectively resulting in suboptimal project performance and increased construction costs. Today, project teams often perform constructability reviews during the design phase to ensure that construction knowledge is incorporated in the design process and constructability problems are minimized. Constructability reviews typically rely on prescriptive constructability knowledge and guidelines to help project teams to identify different types of constructability problems. But how does one really know if a design is constructable or if one design is more constructable than another? Constructability reviews are a part of the evaluation of a design but they do not provide a foundation to compare alternative designs and they do not provide specific feedback on the extent to which constructability problems impact construction operations. Moreover, constructability reviews are often performed on a limited basis due to the time-consuming nature of the manual process, which limits the number of design alternatives considered and the degree to which constructability problems can be identified. Hence, project teams need automated support to help them identify constructability problems immediately and to provide specific feedback to designers on how the constructability problem impacts construction. This paper describes a vision for on-line computer tools that provide cost-specific constructability feedback to help designers develop more cost-effective designs based on standard Industry Foundation Class (IFC) product models (IAI 2001) . This work focuses on design-relevant constructability problems and helping designers during the early phases of design development. Through a case example, we outline new functionality and the corresponding formalisms and mechanisms needed to model the cost implications of different types of constructability problems and identify the specific design conditions that impact constructability and increase construction cost. We have not implemented and tested these formalisms and mechanisms to date. These contributions will allow project teams to leverage IFC-based product models and enable the necessary functionality to aid project teams in developing constructable and cost-effective facility designs. The following sections first describe a motivating case and then describe our vision for providing automated cost-specific constructability feedback based on IFC-based product models. This paper addresses the conference theme of integration and innovation in construction by describing the practical and research issues related to the integration of design and construction knowledge to support automated constructability and cost analysis.
Motivating Case
The motivating case is based on our experience working with a project team throughout design and construction of an office building. A primary goal of the project team was to leverage 3D models for design coordination and constructability analysis, cost estimating, and scheduling. The discussion of the case will focus on the drywall portion of the office building, which cost approximately $150,000 for constructing over 1,700 linear feet of interior walls (Figure 1 ). Figure 1 shows the design-relevant constructability problems related to drywall construction for the office project and the related cost-specific constructability feedback that would be useful to the designer. Specifically, Figure 1 shows the design conditions that cause constructability problems, the implication of the constructability problem on construction operations, and the associated cost of the constructability problem. A constructability review process could have helped the project team to identify some of the constructability problems shown in Figure 1 . Today, constructability reviews are performed manually by analyzing 2D or 3D drawings. Based on a quick review of the 3D model, the constructor identified the following constructability issues related to the interior wall design: o The use of non-standard wall sizes, o The inconsistency of wall sizes, and o The use of curved walls. The designer tried to incorporate the constructor's concerns but also had to meet the building code requirements (e.g., certain wall heights were required to maintain a wall's fire-rating) and incorporate the needs of the owner (e.g., the owner preferred the use of curved walls and inconsistent wall heights for aesthetic purposes). Due to time constraints, the project team was unable to consider multiple design iterations to incorporate constructability feedback. Moreover, many constructability problems went undetected in the manual review process (e.g., the existence of "wall-beam intersections" and the large number "wall turns"). Hence, the lack of automated support of the constructability process limited the number of design alternatives that were considered and the number of constructability problems that were detected.
Although the constructor created a cost estimate for this project, he was unable to give costspecific constructability feedback to the designer and owner to help them make these important design decisions. The owner approved the design that included curved walls and inconsistent and non-standard wall heights without realizing the cost implications inherent in that design. The constructor created the cost estimate using state-of-the-art cost estimating software that links with IFC-based product models that automates the quantity takeoff process when calculating construction costs (Timberline 2001). However, the state-of-the-art estimating software lacks the functionality necessary to recognize most of the design conditions that created the constructability problems on this project and to calculate the specific cost of a given constructability problem. Consequently, many of the cost implications of the various constructability problems shown in Figure 1 have to be identified and calculated manually, which is a time-consuming and error-prone process. Moreover, the cost estimate shows the overall costs for constructing the interior walls but it does not reflect or highlight the specific costs related to the constructability problems. Hence, the time-consuming nature of the cost estimating process and the lack of cost-specific feedback associated with constructability problems limits the usefulness of cost estimates in the constructability review process.
Ideally, project teams should be able to analyze multiple design alternatives to develop the most cost-effective and constructable design that meets the owner's needs, which requires automated support and a formal and systematic process. The next section describes our vision for providing this type of functionality and the corresponding research needs.
Envisioned Constructability Review Process and Research Needs
The objective of this research is to develop models for identifying constructability problems and predicting the corresponding construction implications and associated costs. Hence this research combines and extends research in the areas of constructability analysis and cost estimating.
Many research efforts have investigated different aspects of constructability analysis. Some researchers have focused on identifying broad constructability concerns and developing constructability improvement approaches and programs (Tatum 1987 , Radtke and Russell 1993 , Glavinich 1995 , O'Connor et al. 1987 , "Constructability" 1986 , Navon et al. 2000 . Others have focused on identifying design-relevant constructability knowledge to automate constructability analysis of 3D models similar to this research (Fischer 1991 , Hanna et al. 1992 , Moore and Tunnicliffe 1995 , Kupernas et al. 1995 . For example, Fischer (1991) developed an automated decision support tool that provides feedback to designers on how well a designed structure considers the requirements of construction methods. However, these researchers did not account for cost-specific constructability problems explicitly in their representation and reasoning, and they did not provide specific feedback on the construction implication of the constructability problem other than method selection. This research builds on the author's previous research that focused on abstracting cost estimators' knowledge about when and how different design conditions influenced construction activities to automatically predict construction costs given an IFC-based product model (StaubFrench 2002) . This research addressed the limitations of current cost estimating software by providing a richer representation of the relationship between product and cost information. Specifically, the product-cost relationship represented the features of the building product model that are important to cost estimators, when they are important, and how they affect construction activities and their resources to calculate construction costs. Although this research helped estimators to account for the cost impacts of different design conditions in a formal and systematic way, it did not address the concept of constructability explicitly. Figure 2 shows our vision for an overall system that provides feedback to designers on the constructability of a given facility design and the corresponding cost of constructability problems. We envision an on-line system that could be used by designers, estimators, and project teams. The approach consists of three steps: (1) Identify Constructability Features, (2) Identify Construction Implications, and (3) Calculate Costs. The following sections describe each step in detail. The first module identifies design-relevant constructability problems in the input IFC-based product model and instantiates them as constructability features. Product features are used extensively in manufacturing to describe the geometric forms or entities in a product model that are important in some aspect of the manufacturing process (Cunningham and Dixon 1988; Shah 1991) . The author also used features to represent the design information that is important to cost estimators . The system analyzes the input IFC-based product model and looks for the "generic constructability features" specified (the control in Figure 2 ) and creates project-specific constructability features (the output of module 1 in Figure 2 ).
Identify Construction Implications
The challenges associated with identifying the construction implication of constructability features are: o The IFC's explicitly represent components (e.g., walls), properties of components (e.g., height and fire-rating), and relationships between components (e.g., connections between two walls to represent wall turns). However, these designer-focused product models do not represent many of the design conditions that create constructability problems, such as the "wall-beam intersection" and "inconsistent wall heights." Consequently, many constructability features have to be identified manually. Hence, to provide automated support for identifying constructability features in an IFC-based product model, we need feature recognition mechanisms that infer their existence by reasoning about the geometry and topological relationships between components. o The construction implication drives the requirement for constructability features. The system should recognize constructability features if they have a negative construction implication. This requires extending our notion of what constitutes a "constructability problem." For example, in the motivating case, the curved walls may not be identified as a constructability problem because they add aesthetic value and that may be important to the owner. However, the designer and owner make these design decisions without understanding the cost implications. Hence, it is important to include these types of design decisions and their associated costs in the constructability review process.
(2) Identify Construction Implications
The second module identifies the construction implications for the project-specific constructability features. We currently represent construction implications generically in terms of activities, resources, and resource productivity rates and classify constructability features accordingly. Hence, the system identifies the appropriate construction implication based on the type of the constructability feature.
The challenges associated with identifying the construction implication of constructability features are: o The same design condition can have different construction implications depending on the function of the designed component. For example, in the motivating case, the value of the wall's height led to additional activities and wasted materials for non-standard wall heights. If the design function of the wall is not considered, the system would flag this as a constructability problem, which would be inaccurate. However, if the design function is considered (i.e., the wall is fire-rated and needs to extend to the structure), then the system would not flag the wall height as a constructability problem for those walls that have non-standard heights and are fire-rated. o The construction implication can lead to value-added or non-value-added activities. For example, cutting the drywall is a non-value-added activity whereas laying out the wall is a value-added activity. Consequently, the system needs to be able to distinguish between these types of activities so that non-value-add activities can be highlighted and avoided.
(3) Calculate Costs
The third module calculates the costs of constructability features based on the associated construction implications. At this stage in the reasoning process, calculating the construction costs is straightforward because the system understands how the constructability features affect activities, resources, and resource productivity rates. The output of the third module is a set of prioritized project-specific constructability features and their associated costs.
The challenges associated with generating the prioritized construction costs and associated constructability features are: o Determining how to prioritize constructability features so that the user can leverage that information. The most obvious way to prioritize the output would be based on the cost impact. However, other priorities may be more useful. For example, a higher priority could be placed on identifying non-value added activities and waste. Another prioritization scheme could focus on those constructability features that would be easiest for the designer to modify. Perhaps the best way to deal with this issue would be to allow the user to select the priority scheme that works for them. o Providing an output and user interface that highlights the relevant information based on the user type. Designers may prefer to view the constructability features in the 3D model whereas contractors may prefer an excel spreadsheet. The constructability features should be highlighted in the 3D model and color-coded based on the priority to draw attention to the more critical ones. o Allowing different user types with different cost estimating backgrounds. The system should support multiple user types including designers, estimators, and project teams. For designers, the system could use published sources of information pertaining to labor costs and man-hour productivity norms. However, contractors should be able to use their company's estimating database and represent their preferences for the construction implications of different constructability features.
Conclusions
This paper described a vision for on-line computer tools that provide cost-specific constructability feedback to help designers, estimators, and project teams develop more costeffective and constructable designs. Through a case example, we outlined our vision of a cost and constructability feedback system that takes advantage of the rich representation of 3D product models represented using the industry standard Industry Foundation Classes. To provide this type of functionality, constructability knowledge needs to be formalized to represent the constructability features that affect a specific construction domain, the construction implication of the constructability feature, and the resulting cost impact. These contributions will improve the efficiency of the constructability review process and help project teams to recognize constructability problems and their impact on construction costs early in the project delivery process. We plan to confirm the formalisms and mechanisms discussed in this paper through implementation and testing of software prototypes on actual construction projects.
